Charge Transport Properties of a Metal-free Phthalocyanine Discotic Liquid Crystal 
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Discotic liquid crystals can self-align to form one-dimensional semiconducting wires, many tens of 
microns long. In this letter, we describe the preparation of semiconducting films where the stacking 
direction of the disc-like molecules is perpendicular to the substrate surface. We present mea- 
surements of the charge carrier mobility, applying temperature-dependent time-of-fiight transient 
photoconductivity, space-charge limited current measurements, and field-effect mobility measure- 
ments. We provide experimental verification of the highly anisotropic nature of semiconducting 
films of discotic liquid crystals, with charge carrier mobilities of up to 2.8 x 10~ 3 cm 2 /Vs. These 
properties make discotics an interesting choice for applications such as organic photovoltaics. 
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I. INTRODUCTION 

Discotic liquid crystals (DLC) are molecules with 
a disc-shape core that is conjugated, surrounded by 
aliphatic chains to render them liquid-crystalline 1 . The 
pi-orbitals of the core house delocalized electrons and 
extend perpendicular to the plane of the disc. Due to 
the natural tendency of pi-orbitals of adjacent molecules 
to maximally overlap, the molecules can self-align into 
columnar molecular stacks, resulting in the formation 
of one-dimensional semiconductor wires. Such a wire 
is surrounded by entangled aliphatic chains of all the 
molecules, forming an insulating sheet around the semi- 
conducting wire. A film of ordered columns is expected 
to exhibit a highly anisotropic mobility: very high com- 
pared to disordered organic materials along the columns 
and very low perpendicular to the columns. This is an 
attractive feature for many applications, as in most semi- 
conductor devices, be it transistors, solar cells or light- 
emitting diodes, it is the intention to provide electrical 
conduction in a single direction, and isolation in perpen- 
dicular directions'^. 

The mobility of discotic liquid semiconducting mate- 
rials is typically determined using time-of-flight photo- 
conductivity measurements*^. Reports on space-charge 
limited current mobilities of these materials^, where also 
charge carrier injection has to be considered, are scarce. 
We were not able to find a combination of both comple- 
mentary methods in literature. 

In this letter, we present the realization and charac- 
terization of semiconducting devices of aligned discotic 
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FIG. 1: (a) The molecular structure of H 2 Pc(OC14,10) 4 . (b) 
Symmetric sample cell, (c) Cross-polarized microscopy of a 
filled sample cell shows homeotropic alignment of the DLC. 
Three birefringent defect lines and the Si02 spacers, some of 
them indicated by arrows, are also visible. 



liquid crystalline columns between two planparallel elec- 
trodes. Such configuration with the columns perpendicu- 
lar to the electrode surfaces corresponds to the architec- 
ture of relevant organic semiconductor devices such as 
organic light-emitting diodes and organic solar cells. 



II. EXPERIMENTAL 

The discotic liquid crystal material we used 
is the discotic 2(3),9(10), 16(17), 23(24)-Tetra(2- 
decyltetradecyloxy)-phthalocyanine, abbreviated 
H 2 Pc(OC14,10) 4 , and shown in Fig. [Ha). The synthesis 
of the H2Pc(OC14,10)4 molecule is described elsewhere 7 . 
Differential Scanning Calorimctry shows two phase 
transitions above room temperature: a transition from 
the liquid crystalline columnar rectangular to columnar 
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hexagonal phase at 333K, and the transition to the 
isotropic phase in the melt at 453K. A highly ordered 
liquid-crystalline columnar phase can be attained by 
heating the material to the isotropic melt and then slowly 
cooling to room temperature to induce self-alignment of 
molecular stacks. Further interesting properties of the 
selected material are that it is processable from solution, 
and that the peak absorption wavelength is between 600 
and 700nm, quite adequate for photovoltaic applications. 
In order to realize films with homeotropic alignment 
(i.e., with the column axes normal to the substrate), 
we proceeded as follows. Two glass substrates with 
indium-tin oxide (ITO) contacts of varying width were 
separated by Si0 2 beads, chosen 3 or 5/im diameter, as 
shown in Fig. IHb). The phthalocyanine discotic was 
applied to the edge of this sample cell. Heating to 456K 
into the isotropic phase lead to capillary action, the 
liquid H 2 Pc(OC14,10) 4 filled the space between the ITO 
substrates. The sample was usually cooled at a rate 
of lK/min to 426K, then with approx. 20K/min back 
to room temperature. Optical microscopy with crossed 
polarizers revealed a homeotropic alignment of the 
discotics between the ITO plates, as seen in Fig. ^c). 
The micrograph also shows birefringent defect lines 
typical for homeotropic alignment, and Si02 spacers. 
One set of samples was prepared with ITO plates coated 
with an Octadecyltrichlorosilane (OTS) monolayer by 
deposition from vapor phase. With this pretreatment, 
the DLC alignment tends to be homogenous (i.e., column 
axes parallel to the substrate) and/or random rather 
than homeotropic, as indicated by optical microscopy. 
Measurements of conduction perpendicular to the 
column stacking direction were not only performed on 
the OTS samples: for verification, we prepared field 
effect transistor (FET) samples on Si0 2 (100nm)/Si/Al 
substrates with Au bottom-contact. In one set of 
samples, the DLC was sandwiched between a glass plate 
and the FET substrate (both not OTS-treated), and 
aligned homeotropically as described above. As in FET 
structures the conduction channel is along the substrate, 
and the DLC was aligned homeotropically, conduction 
perpendicular to the column stacking direction is looked 
at, yielding ideally very low currents. We also tried to 
prepare FET structures for measuring the DLC mobility 
along the discotic columns by means of different surface 
treatments, but did not succeed yet. A second set of 
FET samples was prepared by spin coating the DLC 
from solution (20mg/ml, solvent: toluene) on top of Au 
bottom-contact structures. 

On the glass/ITO/DLC/ITO/glass samples, we per- 
formed frequency-dependent capacitance measurements 
using an HP 4275 LCR meter, and estimated the device 
thickness L from the capacitance C at 1 MHz frequency, 
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Here, eo is the vacuum permittivity. In Eqn. ^ we as- 
sumed the equivalence of our samples to a parallel plate 



FIG. 2: Current density-voltage characteristics of a two sam- 
ple cells filled with H 2 Pc(OC14,10) 4 , one of them with OTS- 
treated ITO. 



capacitor filled with a medium (the discotic) with a di- 
electric constant e of 3. This value is a commonly used 
estimate for organic materials. For triphenylcncs, e =2.5 
was reported^. For verification of the device thickness, 
we checked the Si02 bead distribution under an optical 
microscope, which supplies a lower limit. 

The temperature-dependent current -voltage measure- 
ments as well as the FET measurements were performed 
using an HP 4156C parameter analyzer with the device 
on a hotstage. The DLC deposition, and the capacitance 
and current-voltage measurements were performed in N 2 
atmosphere, optical microscopy was done in air. In the 
time-of- flight setup 9 , pulsed light with a wavelength of 
660nm and a pulse width of 6ns was obtained from an 
LSI nitrogen laser with dye cell attachment. The pho- 
tocurrent signals were recorded on an Iwatsu 8132 digi- 
tizing storage oscilloscope. An HP 214B pulse generator 
was used as a bias voltage source. The sample was held 
on a temperature-controlled metal support in a vacuum 
chamber. 



III. RESULTS AND DISCUSSION 

A. Space-Charge Limited Current Measurements 

The space-charge limited current measurements were 
performed on the glass/ITO/DLC/ITO/glass samples. 
The effect of homeotropic alignment on the charge trans- 
port is demonstrated by the current-voltage measure- 
ments shown in Fig. [21 A homeotropically aligned 
H2Pc(OC14,10)4 sample cell is compared to a sample 
with OTS treated ITO plates, the latter showing a partly 
homogenous, partly homeotropic alignment by optical 
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FIG. 3: Temperature-dependent current density-voltage 
characteristics of an H2Pc(OC14,10)4 sample cell (sample 
thickness 5.0pim). The shifted zero-crossing of the curve at 
433K temperature is due to hysteresis. 



microscopy with crossed polarizers. As in this latter 
sample the charges partly have to be transported per- 
pendicular to the molecular columns, the current den- 
sity is at least 2 orders of magnitude lower than for 
the case of completely homeotropic alignment, indicat- 
ing a high electrical anisotropy. From the current -voltage 
characteristics, we determined space-charge limited cur- 
rent (SCLC) mobilities in cases where the measurements 
obey the Mott-Gurney law for trap-free SCLC, 



j=o ££ °VTJ> ( 2 ) 



where j is the current density at the voltage V, fi de- 
notes the drift mobility, L denotes the sample thick- 
ness, and ££o the electric permittivity of the DLC. The 
temperature-dependent current-voltage measurements of 
an H2Pc(OC14,10)4 sample cell (Fig.[3J) show the charac- 
teristic j oc V 2 behaviour. At lower temperatures and in- 
termediate voltages, a slope larger than two indicates an 
energy-distributed defect state. At higher temperatures, 
trap-free SCLC can be observed over the whole voltage 
range measured. The mobilities extracted from SCLC 
measurements range from 7 x 10 _4 cm 2 /Vs at room tem- 
perature to about 4 x 10~ 3 cm 2 /Vs at 414K. The differ- 
ence of these two values is probably mainly due to the sus- 
ceptibility of the SCLC method to injection barriersiSiii. 
The higher one corresponds to the true SCLC mobilities, 
the values being comparable to SCLC mobilities mea- 
sured on CuPc DLC Langmuir-Blodgett films 6 . 
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FIG. 4: Transfer characteristics in the saturated regime of a 
disordered H2Pc(OC14,10)4 field effect transistor, spin-coated 
from solution. 



B. Field Effect Transistor Measurements 

As we can neither exclude a possible influence of the 
OTS monolayer as charge injection barrier, nor pos- 
sess the means to properly quantify the influence of the 
OTS treatment on the stacking direction of the discotic 
columns, we performed measurements on two different 
types of FET samples for verification (not shown) . The 
first set of samples consists of a homeotropically aligned 
DLC sandwiched between the FET substrate and a cover 
glass (channels of 3/im length and 1mm width). As the 
current in FET structures flows from source to drain 
along the surface of the dielectric layer, we were able 
to investigate conduction perpendicular to the discotic 
columns. The resulting source-drain currents were of 
the order of 10 _12 A for drain and gate voltages of up 
to —40V. No clear gate voltage dependence, and thus 
no transistor action, could be observed. A second set 
of FET samples was prepared by spin-coating the DLC 
from solution on FET substrates, yielding amorphous 
films (channels of 10/im length and 1mm width). These 
structures had very low source-drain currents of the order 
of 10~ 10 A, but clearly exhibited typical transistor out- 
put and transfer characteristics. The latter are shown in 
Fig. 0J The shape of the FET characteristics indicates 
that contact resistances are present, but not dominant. 
From the saturation regime, we determined FET mobili- 
ties of about 10 _7 cm 2 /Vs. This low value is mainly due 
to the disordered nature of the spin-coated film. 

The FET measurements illustrate that charge trans- 
port perpendicular to the DLC columns is limited mainly 
by the anisotropic charge transport properties rather 
than injection barriers. On basis of these results we also 
feel justified to rule out a dominant contribution of ionic 
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FIG. 5: Time-of-fiight transient photocurrents of an 
H2Pc(OC14,10)4 sample cell (sample thickness 6.7/im). The 
curves were y-shifted for clarity. 



conduction. The space-charge limited current and FET 
measurements clearly demonstrate a strong anisotropy 
of the charge transport properties, in dependence of the 
stacking direction of the discotics. 



C. Transient Photoconductivity 

In the time-of-flight transient photoconductivity mea- 
surements, charge carriers were photogenerated by a laser 
pulse at one electrode of the glass/ITO/DLC/ITO/glass 
device, and drifted to the other electrode due to an ex- 
ternal field. The corresponding displacement current for 
holes is shown in Fig. [SJ From the measured photocarrier 
transit time r, we determined the mobility [i using 
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where L is the device thickness. For an applied voltage V 
of 30V, the hole mobilities ranged from 1.0 x 10~ 3 cm 2 /Vs 
at 303K to 2.6 x 10~ 3 cm 2 /Vs at 373K. At 100V, the 
hole mobilities were between (2.6 — 2.8) x 10~ 3 cm 2 /Vs. 
Upon changing the polarity of the external field in order 
to measure electron mobilities, the transient photocur- 
rents were too low to be detected with our setup. For 
the H 2 Pc(OC14,10) 4 sample cell with OTS treated ITO 
electrodes, we also could not measure any photocurrents, 
supporting the results of the SCLC and FET methods 
that the mobility perpendicular to the columns is much 
lower than along them. 

D. Discussion 

The determined values for the hole mobility along 
the DLC columns using the transient photoconductiv- 



ity method agree very well with the mobilities we ob- 
served using the SCLC method. As the dependence of 
the mobility determined by these two experimental meth- 
ods is quite different with respect to voltage and sample 
thickness, the agreement indicates that the values for the 
sample thickness calculated using an estimated dielec- 
tric constant of 3 are approximately correct. Further- 
more, the results support the suggestion that the lower 
apparent mobilities observed in the SCLC experiments 
at room-temperature arc influenced by contact-limited 
injection. The H2Pc(OC14,10)4 hole mobilities deter- 
mined by us correspond well with time-of-flight mobilities 
measured recently on a CuPc DLC&. However, in publi- 
cation electron mobilities of a similar order of magni- 
tude were stated. Similarly, single-crystalline derivatives 
of phthalocyanines show comparable electron and hole 
mobilities^. As of yet, we were not able to explain this 
discrepancy. 

We would like to point out that the charge carrier mo- 
bilities presented here were determined by experimen- 
tal techniques in the low carrier concentration regime, 
such as SCLC and TOF. These measurements are more 
susceptible to charge trapping as, for instance, FET 
and pulse-radiolysis time-resolved microwave conductiv- 
ity measurements^, and can therefore yield orders of 
magnitude lower mobilities. 

Our measurements comparing charge transport along 
and perpendicular to the DLC columns clearly demon- 
strate a strong anisotropy of the charge transport prop- 
erties, in dependence of the stacking direction of the dis- 
cotics. 



IV. CONCLUSIONS 



We have fabricated devices of homeotropically aligned 
discotic liquid crystal material, and characterized the mo- 
bility using time-of-fiight photoconductivity and space- 
charge limited current measurements. The mobility 
along the columns of discotic molecules attains up to 
2.8 x 10~ 3 cm 2 /Vs in homeotropic alignment and is at 
least two orders of magnitude lower for transport per- 
pendicular to the columns. 
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